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Abstract
When azide binds to ferric Myoglobin it forms either a low-spin or a high-spin
complex, which give rise to two well-separated asymmetric stretch bands of
the ligand. Both electronic excitation of the Q-band and vibrational excita-
tion of N−3 in the mid-IR lead to a similar ultrafast population redistribution
in favor of the high spin configuration, which is characterized by a 8◦ re-
orientation of the ligand transition dipole moment. The more stable low
spin complex subsequently re-emerges with a 18 ps time-constant. It is ar-
gued that the observed spin state changes are caused by the participation of
low-lying electronic excitations in the cooling process of heme.
Keywords: ultrafast vibrational spectroscopy, ferric heme proteins,
vibrational energy relaxation
1. Introduction
After several decades of investigation by ultrafast spectroscopy [1], many
open questions still remain about the details of electronic structure changes
taking place immediately after the photo-excitation of heme proteins, the
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mechanism of ligand photo-dissociation and its connection to thermally acti-
vated ligand detachment naturally occurring under physiological conditions
in the dark. Most of the evidence for electronic relaxation of heme proteins
has been gathered by observing transient absorption changes in the Soret
and Q-band region of the visible spectrum between 350 nm and 650 nm.
However, many of the signals observed in electronic absorption spectroscopy
are due to the dissipation of the large amount of energy deposited in the
heme [2]. Energy dissipation (vibrational cooling) and structural changes
such as heme doming or ligand binding can, on the other hand, be nicely
distinguished when directly probing vibrational resonances of the macrocy-
cle. Time-resolved anti-Stokes Raman measurements revealed two distinct
timescales of 2 ps and 16 ps for the vibrational decay of relatively high fre-
quency modes that are excited upon photo dissociation of carbon monoxide
from ferrous myoglobin [3]. This result could be translated into exponen-
tial heme cooling times of approximately 3 ps and 25 ps [3]. Femtosecond
coherence spectroscopy can access even lower frequency modes that couple
to the electronic excitation [4]. These vibrations are particularly interesting,
as they can also be excited thermally and may modulate the ligand binding
affinity. Furthermore the phase of the doming mode oscillations has been
related to the mechanism of photo-induced ligand release [4, 5].
While resonance Raman techniques probe almost exclusively the heme
modes, the absorption spectra of the high frequency vibrations of polyatomic
ligands are sensitive to the electronic properties of the central iron, which in
turn depend on the heme structure and, ultimately, on the protein environ-
ment. This sensitivity, of CO ligands in particular, has been an important
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observable for the study of the conformational flexibility of proteins [6]. Using
the same reporter modes, the picosecond transient nature of protein confor-
mational substates could recently be observed directly by two-dimensional IR
exchange spectroscopy [7]. Attempts have also been made to directly excite
the stretch vibration of C=O ligated to Haemoglobin to induce dissociation
from the heme [8]. Although energy in excess of the binding energy could be
deposited, no ligand release was observed.
Following electronic excitation, the ligand vibrations have often been used
to probe their new protein environment after they have dissociated from the
heme [9, 10, 11]. In a few cases, however, the iron-ligand bond is not cleaved,
and the transient infrared spectra of the ligand can sense the electronic and
vibrational relaxation process directly at the active site. One such example is
cyanide (CN−) bound to Myoglobin in the ferric oxidation state [12, 13]. CN-
stretch band narrowing and intensity redistribution provided independent
measures for the vibrational relaxation of the heme and the change in ligand
binding character. Both were found to take place simultaneously with a time
constant of 3.6 ps [12]. Recently, Gruia et al. have attributed this time
constant to the reformation of the bond between heme and the proximal
histidine, which may be photolyzed in MbCN complexes instead of the heme-
ligand bond [13]. In reference [12] the possibility of direct excitation of the
CN stretch mode as the origin of the observed signals could, however, not
be fully excluded. Nevertheless this was later shown to be unlikely by the
theoretical prediction of the vibrational lifetime of heme-bound CN [14].
In the present contribution transient infrared measurements of the closely
related ferric Myoglobin azide complex are reported. In contrast to cyanide,
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the transition dipole moment of the asymmetric stretch of N−3 is relatively
large and very similar in solution and when bound to heme [15]. The ab-
sorption changes observed after electronic excitation of the heme can thus be
compared to the spectra recorded after mid-infrared excitation of the ligand.
In addition, azide is known to be a particularly sensitive reporter of the elec-
tronic configuration of heme. In fact two asymmetric stretch bands are ob-
served in MbN3 complexes at 2022 cm
−1 and 2044 cm−1 (see Fig. 1). By com-
paring the temperature dependence of their relative intensities to magnetic
susceptibility changes [16], Alben and Fagar identified the lower frequency
band with a ’covalently bound’, low spin, and the higher frequency band with
an ’ionically bound’ high spin complex [15]. They found an enthalpy differ-
ence between the two of ∆H = 5.6 ± 0.3 kcal/mol, or approximately 2000
cm−1. In Haemoglobin the equilibrium is shifted toward the lower frequency
band. In a later study Bogumil et al. [17] reported a slightly lower enthalpy
difference ∆H = 3.2± 0.6 kcal/mol between high and low spin states in the
wild type complex of Myoglobin, in even better agreement with the magnetic
susceptibility data, and studied the influence of several distal residues on the
spin state equilibrium. The sensitivity of the azide stretch vibration to the
electronic structure of heme is equally manifested by the observation of an
unusually strong vibrational circular dichroism (VCD) signal exclusively for
the low spin band of MbN3 [18].
The combination of transient IR and 2D-IR spectroscopy of MbN3 thus
offers a unique opportunity to gain insight into the time scales and mechanism
of spin state transitions in heme proteins after photoexcitation.
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2. Experimental Section
Femtosecond pulses of ≈100 fs duration at 800 nm were produced at
a repetition rate of 1kHz by a commercial amplified laser system. They
were converted into visible pump pulses in a non-collinear optical parametric
amplifier (OPA) and into mid-IR pump and probe pulses in a double stage
collinear OPA, followed by difference frequency mixing in AgGaAs. The
uncompressed visible pump pulses were centered at 540 nm and had a spectral
bandwidth of approximately 30 nm and a duration of 100 fs. The mid-IR
pulses at 5 µm (2000 cm−1) were equally 100 fs short with a bandwidth
of 150 cm−1. The mid-IR OPA output was split into pump, probe and
reference beams. Probe and reference beams passed the sample at different
spots of 80-90µm diameter, and were dispersed in a spectrometer. Their
intensities were recorded on a shot-to-shot basis by a double MCT detector
array with 2x32 pixels. The pump-beam (visible or mid-IR) was focused onto
the sample in spatial overlap with the probe-beam and periodically blocked
at half the laser repetition rate. A λ/2 plate in the visible pump-beam was
periodically rotated to record data with parallel and perpendicular pump and
probe polarizations. For two-dimensional infrared (2D-IR) measurements,
the mid-IR pump beam passed a tunable Fabry-Perot filter, producing pulses
with 9.5 cm−1 bandwidth (single sided exponential with 700 fs decay in the
time-domain). The Fabry-Perot interferometer was scanned across the N−3
stretch bands to assemble 2D spectra in the frequency domain [19].
Myoglobin from horse skeletal muscle was purchased from Aldrich and
dissolved in 0.1 M deuterated phosphate buffer at a concentration of ≈ 10
mM. When two equivalents of NaN3 were added, the complete formation
5
of the ferric complex could be monitored by recording UV-vis and FTIR
absorption spectra. For the 50 µm flow cell used for transient measurements,
the optical density of the Q-band at 540 nm was then 0.5, that of the N−3
asymmetric stretch band of the low spin complex at 2022 cm−1 was 0.04. For
the actual measurements three time less NaN3 was used to avoid interference
from azide ions in solution outside the heme pocket, which give rise to an
absorption band at 2046 cm−1 that is twice as broad as that of azide in
the heme pocket. With the lower azide concentration the absorbance of the
low spin band was 0.03, approximately four times stronger than that of the
high spin band at 2044 cm−1, as expected in thermal equilibrium at room
temperature [17].
3. Results
3.1. Q-band excitation
Excitation of MbN3 at 540 nm causes an instantaneous bleaching of the
asymmetric stretch band at 2022 cm−1 associated with the low spin complex,
and appearance of a very broad (approximately 70 cm−1 FWHM) absorp-
tion feature, centered near 2010 cm−1, as shown in Fig. 1b. The simultaneous
bleaching of the band at 2044 cm−1 associated with the low spin complex can
only be seen at very short delays, before it is compensated by the formation
of a photo-induced absorption band at the same frequency. The growth of
this band, which is initially broadened and centered slightly below the 2044
cm−1 equilibrium frequency, coincides with the decay of the broad absorption
feature with a time constant of 2.4 ps (see Fig. 1c). After approximately 8-10
ps the transient absorption spectrum consists only of the low-spin bleach con-
6
tribution and increased absorption of the high-spin species of nearly identical
size, confirming that their oscillator strengths are practically equal. This dif-
ference spectrum subsequently decays completely with a time constant of 18
ps.
The angle θ between the transition dipole moment of the asymmetric
stretch vibration of N−3 ligand and the normal of the of the heme plane is con-
nected to the anisotropy a = (∆A‖ −∆A⊥)/(∆A‖ + 2∆A⊥) calculated from
the transient signal for parallel and perpendicular pump and probe beams.
For a doubly degenerate pump transition (Q-band excitation of heme) the
anisotropy is given by [20]:
a =
1
10
(
1− 3 cos2 θ) . (1)
The anisotropy of the bleach of the low spin band and the increased absorp-
tion at the high spin frequency was evaluated after extensive averaging at
selected pump-probe delays, yielding a = 0.053± 0.05 and a = 0.025± 0.05,
respectively (data shown in the inset of Fig. 1c). This corresponds to angles
θ = 66 − 69◦ (low spin) and θ = 59 − 61◦ (high spin) with respect to the
heme normal as sketched in Fig. 2. There is thus a significant rotation of
the azide transition dipole moment by 8◦ ± 3◦ towards the heme normal in
the transition from low to high spin complex. The anisotropy of the short-
lived broad band is close to zero but could not be determined with similar
precision. Assuming that the IR transition dipole moment is parallel to the
molecular axis of the ligand, a direct comparison with X-ray data can be
made. The X-ray structure of the N−3 complex of horse heart Myoglobin [21]
indicates a complementary Fe-N(1)-N(3) bond angle of 119◦, while an early
study [22] of sperm whale Myoglobin yielded 111◦.
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3.2. Infrared excitation
2D-IR measurements were carried out in order to separate the asymmetric
stretch transitions of high and low spin complexes when they are directly
excited by narrow band pump pulses in the mid-IR. In the 2D spectra of Fig. 3
the negative signals on the frequency diagonal are caused by depletion of the
vibrational ground state and stimulated emission at the transition frequency
between the v=0 and v=1 states of the N3 oscillators. Positive induced
absorption at short delays is due to the v=1→v=2 transitions. These signals
are horizontally shifted to lower probe frequencies due to the anharmonicity
of the modes, which is practically identical (29 cm−1 and 28 cm−1) for low
and high spin species.
The v=1 N3 stretch excitation of the high spin species decays with a time
constants of 2.2 ± 0.2 ps (similar to N−3 bound to Haemoglobin [23]), while
the low spin species decays slightly faster with a 1.5± 0.1 ps time constant.
This could reflect an important difference in the interaction between ligand
vibration and heme for the two spin states, which may also cause the selec-
tive enhancement of the low-spin VCD signal [18]. As the 1 → 2 band of
the low spin species decays, a transient increase in absorption is observed
immediately to the low frequency side of the bleach signal (near 2010 cm−1).
This leads to the horizontal elongation of the positive (red) signal in the 4 ps
spectrum in Fig. 3. After 20 ps, when this feature and the vibrational exci-
tation has long decayed, a small residual 2D spectrum can still be measured.
It clearly indicates a shift of population in favor of the high-spin species,
but only when the low-spin vibrational band has been excited. Preliminary
data recorded by time-domain 2D-IR spectroscopy confirm these findings.
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They also show that the initial strong elongation and subsequent narrowing
of the signals in the pump direction is an artefact of the frequency domain
technique due to pulse overlap [19].
The underlying kinetics was investigated by recording transient absorp-
tion changes after excitation at a fixed frequency, equivalent to horizontal
cuts across the 2D-IR spectra. For these measurements the pump pulses
were centered at the edge of the absorption bands, as indicated by the dotted
Lorentzian line in Fig. 3, in order to minimize interference due to excitation
of the other species. For the same reason, the experiment was carried out at
sample temperatures of 278 K (data shown in Fig. 4) and 303 K (data not
shown). This changes the relative population of high and low spin species
before excitation [15, 17], which is reflected by a 30% larger bleaching of
the low-spin band upon excitation at 2017 cm−1 for the sample at the lower
temperature. The transient spectra in Fig. 4 show that the positive low-spin
signal at 2044 cm−1 forms on the timescale (≈ 2 ps) of vibrational relaxation
of the N−3 asymmetric stretch mode associated with the low spin complex, and
subsequently decays again. At delays near 10 ps, the high spin signal reaches
a maximum and amounts to approximately 1% of the initial bleaching of
the low spin absorption. Taking into account contributions from stimulated
emission, this means that at most 2-3% of the latter complexes transiently
adopt a high spin spectrum. For comparison, after visible excitation, when
roughly ten times more energy is deposited in the heme, close to 50% of the
initially excited MbN3 complexes change spectrum (see Fig. 1). If we as-
sume thermal equilibrium described by the entropy and enthalpy differences
between high and low spin species reported in ref. [17] (∆H = 3.2 ± 0.6
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kcal/mol, ∆S = 8 cal/mol), the local temperature rise of heme after 7 ps is
approximately 100 K following UV excitation and 4-5 K following IR exci-
tation. This is consistent with the corresponding pump-pulse energies, given
the different localization and relaxation of energy during the first picoseconds
after excitation.
Finally, the 4 ps spectrum clearly reveals the transient signal near 2010
cm−1, which gives rise to the elongated positive band in the corresponding
2D-IR spectrum of Fig. 3. It has shifted to higher frequency after 7 ps and
has almost completely disappeared after 12 ps. The signal is attributed to a
broadening of the fundamental N3 stretch transition in the high spin complex
after the decay of the stretch excitation. This broadening is most likely due
to anharmonic coupling to low frequency modes of the hot heme.
The data shown in the inset of Fig. 4 represents integrated band intensities
after subtraction of linear baselines, defined by the transient absorption at
neighboring probe frequencies. Small signal amplitudes, band overlap and
baseline offsets can be a source of important errors. As a result, the dotted
line in the graph is not a proper fit but only a bi-exponential function with
fixed time constants of 2 ps and 20 ps. In particular the latter time constant
can change significantly if a small offset is allowed in a free fit and the presence
of a slower decay component cannot be fully excluded. Nevertheless, the
comparison indicates that the decay of the high-spin signal takes place on
similar timescales after IR and visible excitation.
Within signal to noise, the same pump-induced increase in high-spin sig-
nal is seen at 278 K and 303 K. In fact, the same scaling factor (1.3) can
be used to overlay high and low temperature data at all pump-probe delays,
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indicating that population redistribution and relaxation times do not change
significantly. Even at 303 K, however, no population redistribution (in either
direction) could be observed when the high spin band was selectively excited
by a narrow pump pulse centered near 2050 cm−1, as already apparent from
the 20 ps 2D-IR spectrum in Fig. 3.
4. Discussion
During the initial fast phase of spectral dynamics after Q-band excitation
MbN3 shares many features with the ferric Myoglobin cyanide complex [12].
In both cases, the ligand stretch transition instantaneously shifts to lower
frequency, giving rise to a broadened absorption band, which subsequently
decays on a 3 ps timescale. In MbCN the original spectrum of the complex
fully recovers with this time constant, while in MbN3 the excited population
is redistributed almost equally between high and low spin species. Narrowing
and shifting of the growing high spin band, and, at lower resolution, also of
the decaying broad feature, is nicely visible in Fig. 1b. Similar spectral shifts
have also been observed for MbCN. They are a typical signature of the decay
of low frequency vibrational excitations to which the ligand stretch transition
is anharmonically coupled [24]. The spectral shifts take place in parallel with
the population changes, and the 3 ps timescale nicely matches the fast com-
ponent of biphasic heme cooling after MbCO photolysis [3]. Strong coupling
of the ligand vibration to the highly excited modes of heme during all phases
of the picosecond dynamics (and for both spin states) indicates that ligand
and heme remain in close contact, and that complete ligand dissociation as
observed for ferrous hemes is unlikely.
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There are, however, also important differences between the transient spec-
tra of MbCN and MbN3. The red-shifted photoproduct band was much
weaker and narrower for cyanide. As the CN oscillator strength is signifi-
cantly enhanced by binding to heme, this indicated a transient weakening
of the iron-cyanide bond. Furthermore, the band was clearly distinct from
the vibrationally hot ground state signal [12]. For the azide complex, on the
other hand, the integrated positive and negative absorption changes in the
N−3 stretch region are nearly equal at all pump-probe delays, and the photo-
induced absorption band cannot be distinguished from a strongly broadened
ground state signal (see the inset of Fig. 1b). This broadening could at least
partially also be caused by greater librational flexibility of the ligand [10]. Al-
ternatively, the similar lifetime of the v = 1 state of azide (see Fig. 4b), may
suggest that the broad absorption band is merely caused by the vibrational
excitation of the azide stretch. However, the shapes and spectral widths of
the signals observed after visible and infrared excitation are initially very
different, which speaks against such an interpretation. The two set of data
become more similar only after the decay of the directly excited N3 stretch
vibration, when the broadening of the fundamental low spin transition (4
ps and 7 ps spectra in Fig. 3) equally indicates anharmonic coupling to hot
heme modes.
Based on a detailed analysis of transient absorption changes in the Soret
region of MbCN, Champion and co-workers have recently suggested the rup-
ture and re-formation of the Fe-proximal histidine bond instead of the Fe-
CN bond as a possible cause for the spectral changes observed on the 3 ps
timescale [13]. This spectral region has not been investigated for complexes
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formed with the weaker azide ligand but this could provide a test for that
hypothesis. At present, a definite assignment of the short-lived photoproduct
band of MbN3 is not possible based on the available data. However, either
the persistence or complete re-formation of a stable iron-ligand bond on the
timescale of the rapid cooling of heme (3 ps) after photoexcitation emerges
as a common feature of the ferric MbN3 and MbCN complexes.
On the slower timescale, the strikingly similar transient absorption changes
after visible and mid-infrared excitation of MbN3 can be interpreted in a
seemingly straightforward way as a result of heating of heme. Dissipation
of the excess energy after electronic or vibrational decay results in a rise of
the heme temperature, which causes the ligand binding equilibrium to shift
in favor of the high spin complex, just like in a steady state experiment
[15]. This interpretation is consistent with the much smaller high spin sig-
nal after IR excitation and the common decay time of approximately 20 ps,
which matches very well the slower time constant found in the bi-exponential
cooling signals of heme [3]. Nevertheless, this interpretation of the data has
interesting implications on the origin of the two ligand binding configura-
tions, which has not yet been fully clarified even in thermal equilibrium.
Alben and Fager originally suggested that a difference in heme pocket size,
linked to the stability of E and F helices may be a possible reason for the
two binding configurations and higher low spin stability in haemoglobin [15].
X-ray diffraction data indicates that the distance between the iron-bound
Nitrogen atom of azide and the protonated nitrogen of the distal Histidine
side chain is sufficiently short (2.4A˚) for the formation of a hydrogen bond
[21] (see Fig. 2). However, it had been observed much earlier that the fre-
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quencies and relative intensities of the ligand bands are very insensitive to pH
or the exchange of H2O with D2O [25]. There is also no significant change in
the binding geometry of the ligand in the X-ray structure of the His-64-Thr
mutant of horse heart MbN3 [21], which shows a low spin azide band shifted
to 2018 cm−1 [17]. A similarly low stretch frequency is observed when His-
64 is replaced by the non-polar residue Ile, which also strongly reduces the
binding affinity and leads to broadened transitions. Mutation to negatively
charged residues Lys and Arg, on the other hand, caused a slight frequency
up-shift and narrow low-spin bands. While changes in the spin equilibrium
are observed for these mutants, frequency and width of the high-spin bands
are essentially unaffected [17]. Thus, the protein environment seems to de-
termine the binding state preferences and lineshape of azide but it does not
appear to be the underlying reason for the two distinct high and low-spin
binding configurations.
The fast timescale on which the transition between high and low spin
species takes place clearly rules out a conformational transition of the protein
as its cause. This is an important difference between the 2D-IR data of this
work and the observation of A-state interconversion in MbCO with an inverse
rate of 47± 8 ps by equilibrium exchange measurements [7]. The vibrational
lifetime of heme-bound CO is sufficiently long to store the photon energy in
the ligand during the interconversion of protein substates. In MbN3, on the
other hand, the vibrational excitation, or more precisely the picosecond decay
of the vibrational excitation of the ligand, appears to trigger the transition
to the high spin state. This does not exclude that the spin state equilibria
of MbN3 and related molecules may be determined indirectly by protein
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conformation. However, it demonstrates that the immediate cause of the
different binding states of N−3 must be a local change at the heme. The
observation that the characteristic strong VCD signal of low-spin azide-heme
complexes does not require specific interactions of the ligand with distal
residues [26] is in line with this conclusion. Furthermore, one important
reason for the strength of these VCD signals was shown to be the coupling of
the vibrational transitions to low-lying (magnetic-dipole allowed) electronic
resonances [27, 28, 29]. The energy gaps between the lowest excited states of
heme, characterized by different d-electron configurations, is in the range of
vibrational energies. Indeed, already simplified calculations have suggested
the modulation of electronic structure by vibrational excitations [30]. In
view of the observed relaxation from high to low spin MbN3 complexes on
the typical time scale of heat dissipation, ’heme cooling’ should therefore not
be understood as a purely vibrational phenomenon, as it may also involve
changes in electron configuration that could also affect spin state and ligand
binding affinity of related heme proteins.
5. Conclusion
Time-resolved IR spectroscopy has revealed a transient population redis-
tribution from low to high-spin ferric MbN3 complexes as a result of either
electronic or infrared excitation. The azide ligand remains in close contact
with heme and, like cyanide, does not appear to photo-dissociate from fer-
ric Myoglobin. A significant change in N3 transition dipole orientation was
found to accompany the spin transition.
The timescales of the observed spin state changes closely match well
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known time constants for the vibrational cooling of heme. This is too fast for
conformational transitions of the protein to take place and suggests that the
changes in electron configuration are connected to low frequency vibrational
excitations of heme. As a possible mechanism, these vibrational excitations
could transiently alter the energetics of the low-lying electronic states by
deforming the heme. This underlines the importance of local protein-heme
interactions in controlling electron and ligand affinities in heme proteins.
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Figure 1: a) FTIR spectrum of the MbN3 after subtraction of the solvent background b)
Transient absorption changes at different delays after Q-band excitation at 540 nm. The
magic angle signals were calculated from data recorded with parallel and perpendicular
pump and probe polarizations. The inset shows the same data recorded at lower resolution.
c) Intensity changes as a function of pump-probe delay at three probe frequencies, indicated
by the double arrows in part b. Black squares: Decay of the broad band at 2004 cm−1,
single exponential fit with time constant τ=2.4 ps. Green triangles: Absorption band at
2044 cm−1, bi-exponential fit with τ1=2.4 ps fixed, yielding τ2=18 ps. Red circles: Bleach
at 2022 cm−1, double exponential fit with fixed time constants 2.4 ps and 18 ps. The inset
shows the anisotropy (Eq. 1) at the same frequencies after extensive averaging at selected
pump-probe delays.
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Figure 2: Geometry of N−3 binding to Myoglobin.
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Figure 3: 2D-IR spectra recorded at delays of 1,2,4, and 20 ps. The data at early delays
was recorded in two measurements with different probe windows but identical excitation
frequencies. The 20 ps data was measured separately in a single probe window. Solid lines
in the additional layers show the FTIR spectrum at room temperature after background
subtraction, dotted lines indicate the spectral shape of the pump pulses. The contour
spacing in the 1 ps and 2 ps spectra is 10−4, in the 4 ps and 20 ps spectra it is 5× 10−5
and 6×10−6, respectively. Negative signals (bleach, stimulated emission) are blue, positive
signals (induced absorption) is red.
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Figure 4: Transient absorption signals after excitation of MbN3 at 278 K by a narrow
band laser pulse centered at 2017 cm−1. Modulations near 2010 cm−1 between 4-12 ps
delays are due to interference with scattered pump light. The inset shows the integrated
intensity changes of the bleach signal at 2022 cm−1 (red circles, inverted) and the induced
absorption band at 2044 cm−1 (green triangles) after baseline subtraction. The dotted
line is a bi-exponential function with fixed time-constants of 2 ps and 20 ps.
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